INTRODUCTION
Voltage-gated sodium (Na v ) channels are key players for membrane electrical excitability. The Na v channels undergo transitions between closed, open, and inactivated states in response to changes of membrane potentials. The Na + influx mediated by Na v channels upon membrane depolarization is responsible for the rising phase of an action potential (Hille, 2001; Huxley, 1945, 1952) .
The eukaryotic Na v channels consist of a core a subunit and auxiliary b subunits (Catterall, 1984) . The a subunit is sufficient for voltage-gated ion permeation. There are nine subtypes of a subunit in human, encoded by genes SCNXA (X = 1-9 for Na v 1.1-1.9, respectively) (Goldin et al., 2000; Plummer and Meisler, 1999) . Na v 1.1-1.3 and Na v 1.6 are the primary subtypes in the central nervous system, Na v 1.7-1.9 mainly function in the peripheral nervous system, Na v 1.5 is predominantly expressed in the heart, and Na v 1.4 is the prevailing subtype in the skeletal muscle. More than 1,000 mutations in human Na v channels have been discovered to be associated with various neurological and cardiovascular disorders. Na v channels are major targets of natural toxins and clinical drugs exemplified by local anesthetics (Catterall, 2014; Huang et al., 2017) .
All Na v a subunits share identical topology-a single polypeptide chain folds to four repeats (repeats I-IV), each containing six transmembrane segments (TMs) (S1-S6). A voltage-gated cation ion channel consists of two structurally and functionally distinct modules, namely, the voltage-sensing domains (VSDs) formed by S1-S4 in each repeat and the ion-conducting pore domain enclosed by S5 and S6 from the four repeats. The voltage sensors are featured by repetitively occurring Lys or Arg residues at every third position in S4 (Noda et al., 1984) . The outward transfer of the basic residues, known as gating charges, upon membrane depolarization is translated to the opening of the central pore (Aggarwal and MacKinnon, 1996; Schoppa et al., 1992; Yang and Horn, 1995) .
Among the four b subunits identified in vertebrates, b1 and b3 interact with the a subunit non-covalently, whereas b2 and b4 are each disulfide-bonded to a (Isom et al., 1992 (Isom et al., , 1995 Morgan et al., 2000; Yu et al., 2003) . All the b subunits comprise an amino terminal immunoglobulin (Ig) domain and a single TM except for b1B, which only has a secreted Ig domain (Kazen-Gillespie et al., 2000) . In general, the b subunits regulate the expression and membrane trafficking of a, modulate the kinetics of voltage-gated channel activation, inactivation, and the peak value of Na + current, and interfere with toxin binding. More physiological and pathophysiological functions of b subunits are being discovered (O'Malley and Isom, 2015) . Despite structural determination of the Ig domains from b2-4 subunits and mutational characterizations (Das et al., 2016; Gilchrist et al., 2013; Namadurai et al., 2014) , the detailed interactions between any b and a subunits remain to be elucidated.
The first near-atomic resolution structure of a eukaryotic Na v channel was recently determined using single-particle, cryoelectron microscopy (cryo-EM) for a channel from American cockroach, Na v PaS (originally named PaFPC1) (Shen et al., 2017) . The structure reveals the molecular details of the closed pore domain, the VSDs in distinct states, the extracellular elements and an intact III-IV linker that binds to the EF hand-containing C-terminal domain (CTD). However, there is no functional characterization of Na v PaS in part because this channel could not be recorded when expressed in heterologous systems. In addition, the Ile/Phe/Met (IFM) motif that is essential for fast inactivation of Na v channels is replaced by Ala/Thr/Asp in Na v PaS (Shen et al., 2017; Stü hmer et al., 1989; Vassilev et al., 1989; West et al., 1992) . Therefore, the structures of functionally well-established Na v channels are required to advance structure-based mechanistic understanding.
The Na v channel from electric eel Electrophorus electricus (designated EeNa v ), enriched in the electric organ electroplax, represents the first Na v channel to be biochemically purified (Reed and Raftery, 1976) and to be cloned (Noda et al., 1984) . The ion selectivity and electrophysiological properties of EeNa v have been characterized (Recio-Pinto et al., 1987; Rosenberg et al., 1984a Rosenberg et al., , 1984b Shenkel and Bezanilla, 1991; Shenkel et al., 1989) . It has been a prototype for structural and functional characterizations of Na v channels (Agnew et al., 1991) . Cryo-EM 3D reconstruction of EeNa v was obtained at a nominal resolution of $19 Å (Sato et al., 2001) . Analysis of the electric eel genome reveals two isoforms of Na v a subunits and three b subunits, b1, b2, and b4 (Ching et al., 2016) . Both a subunits, with 65% sequence identity and 77% similarity, are most closely related to Na v 1.4 among the nine human subtypes ( Figure S1 ). We thereby refer to the two isoforms as EeNa v 1.4a and EeNa v 1.4b. Here, we present the cryo-EM structure of EeNa v 1.4 in complex with the b1 subunit at an overall resolution of 4.0 Å .
RESULTS

Structural Determination of EeNa v 1.4
The detailed protocols for protein purification, sample preparation, cryo-EM data acquisition, and structural determination are presented in STAR Methods ( Figure S2 ). Briefly, to prepare highquality proteins for structural determination, we used a GSTfused single-chain Fv fragment that recognizes polysialic acid to pull down the endogenous channels (Nagae et al., 2013) . Mass spectrometric (MS) analysis of the purified proteins identified both EeNa v 1.4a and EeNa v 1.4b ( Figure S2A ). As there is no means to isolate EeNa v 1.4a from EeNa v 1.4b, we proceeded with cryo-EM analysis, reasoning that the high-sequence conservations of the two isoforms may allow structural resolution of most of the functional elements. However, the yield and quality of the purified proteins fluctuated between batches when examined by cryo-EM. Eventually we managed to obtain one batch of optimal cryo sample out of dozens of trials ( Figures  S2A-S2C ).
An EM map was obtained at an overall resolution of 4.0 Å out of 123,431 selected particles ( Figures 1A, 1B , and S2D-S2F).
The pore domain and the third and fourth voltage-sensing domains (VSD III and VSD IV ) are well resolved, allowing reliable side-chain assignment ( Figures 1A and S3 ). Despite the lack of a resolved band on SDS-PAGE visualized by Coomassie blue staining, a globular density is observed on the extracellular side connecting to a transmembrane density that does not belong to the voltage-gated ion channel fold, suggesting the presence of extra subunit ( Figure S4A ). MS analysis confirmed the presence of b1, b2, and b4 in the protein sample. We will elaborate the evidence supporting the assignment of b1 in a later session. On the intracellular side, the densities for the N-terminal domain (NTD) and CTD can be observed only in the low-pass-filtered maps, suggesting structural flexibilities ( Figures S4A and S4B ).
A structural model based on the sequence of EeNa v 1.4a was generated ( Figure 1C ). We noted that some densities at certain positions may belong to residues in EeNa v 1.4b, implying the presence of both isoforms in the selected particles for 3D reconstruction ( Figure S4C ). Fortunately, the functional residues discussed in this study are invariant between the two isoforms ( Figures S1 and S4C ). We will use EeNa v 1.4 to refer to this structure.
The b1 Subunit Interacts with the Extracellular Loops and VSD III of a For model building of the b subunit, crystal structures of the Ig domains of human b2-4 subunits (PDB: 5FEB, 4L1D, and 4MZ2, respectively) were tentatively docked into the map. The structure of b3 is used for homologous modeling of b1 as there is no b3 identified in electric eel. The following evidence supports that the density belongs to b1. (1) There are obvious discrepancies between the map and the structures of b2 or b4, including two loop regions and two glycosylation sites ( Figure S5A ). (2) When the homologous model of b1 is docked into the map, the two predicted glycosylation sites, Asn113 and Asn117, are placed next to the densities characteristic of sugar moieties (Figures S5A and S5B) , and the extended loop between strands b7 and b8, which is longer in the b1 subunit than in the b2-4 subunits, coincides with the density (Figures S5B and S5C ). (3) After side-chain assignment, two pairs of disulfide bonds and all the bulky residues are consistent with their respective featured densities, further validating the assignment of b1 ( Figure S5B ).
The overall structure of the b1 subunit resembles an ax, wherein the Ig domain and the TM are the head and handle, respectively. The b1-Ig is docked onto the surface constituted by the extracellular loops L5 I and L6 IV and the intervening segment between S1 and S2 in VSD III (designated L1-2 III ), while the b1-TM interacts with VSD III within the membrane (Figure 2A) .
The L5 I and L6 IV of EeNa v 1.4 resemble the palm and thumb of an upward facing hand, respectively, holding the b1-Ig (Figure 2B) . The interface is mediated by a large number of polar and charged residues ( Figure 2B , inset). The extracellular loops of a and the b1-Ig are both enriched of conserved disulfide bonds, which may rigidify these structural elements for specific recognitions and adhesions (Figures 2A and 2B ). The b1-TM stands beside VSD III , contacting the S2 segment within the membrane and the S0 segment at the intracellular boundary of the membrane through extensive hydrophobic interactions ( Figure 2C ). The structural interpretations of the function of b1 will be presented in the Discussion.
Repositioning of the III-IV Linker between EeNa v 1.4 and Na v PaS In the structure of Na v PaS, similar to that of Ca v 1.1, the CTD binds to the III-IV linker (Shen et al., 2017; Wu et al., 2016) . In the EM 3D reconstruction of EeNa v 1.4, however, the CTD is invisible at higher resolutions ( Figures 1A and S4B ). The released III-IV linker undergoes dramatic shift both vertically and horizontally from that in Na v PaS ( Figure 3A) . The conserved helix in the linker is repositioned closer to the membrane and almost parallel to the S4-S5 IV linker in the structure of EeNa v 1.4, while the preceding Leu/Phe/Met (LFM) motif appears to be plugged into the corner enclosed by the S4-S5 and S6 segments in repeats III and IV ( Figures 3A and 3B ). We will describe the potential interactions of the III-IV linker with the adjacent channel segments and the mechanistic implications on fast inactivation of Na v channels in the Discussion.
An Open Pore Domain
The open state of eukaryotic Na v channels is quickly terminated by fast inactivation, lasting for only milliseconds. It is of very low probability, if not impossible, to capture the structure of an open eukaryotic Na v channel in the absence of specific ligands or mutations. In the structure of EeNa v 1.4, the radii of the intracellular gate are above 2 Å as calculated by HOLE (Smart et al., 1996) , which would allow permeation of Na + ions, representing a potentially open gate. The constriction site along the permeation passage is shifted to the carbonyl oxygen-constituted inner site within the selectivity filter (SF), with the narrowest point of $3.6 Å in diameter ( Figure 4A ). Examination of the EM map reveals a stretch of density penetrating the intracellular gate ( Figure S3E ). The shape and size of the density is reminiscent of a digitonin molecule, although the identity remains uncharacterized. The presence of this chemical may have precluded closing of the intracellular gate during protein extraction and purification. When the overall structure of EeNa v 1.4 is compared to that of the closed Na v PaS, the extracellular half of the pore domain Table S1 .
constituted by the P1-SF-P2 funnel and the nearby segments of S5 and S6 remains nearly unchanged ( Figure 4B ). Slightly below the P1-SF-P2 funnel, the S6 tetrahelical bundle undergoes irislike dilation from Na v PaS to EeNa v 1.4 (Movie S1). The deviation of each S6 occurs at a conserved Gly hinge as observed in potassium channels (Jiang et al., 2002; Jin et al., 2002) and from the structural comparison between Na v PaS and Ca v 1.1 (Shen et al., 2017) (Figure 4C ).
In addition to the iris-like motion of the S6 tetrahelical bundle, each individual S6 segment also undergoes rotation around its helical axis between Na v PaS and EeNa v 1.4, as observed between Na v PaS and Ca v 1.1 (Shen et al., 2017) (Figure 4D ; Movie S1). The highly conserved Asn residues on S6 were suggested to be involved in slow inactivation (Chen et al., 2006; Wang and Wang, 1997; Yarov-Yarovoy et al., 2002) (Table S2 ). Accompanying the axial rotation of S6, all four Asn residues undergo marked reorientation between EeNa v 1.4 and Na v PaS ( Figure 4D ; Movie S1). Whereas those in Na v PaS point to the central cavity of the pore domain, the S6-Asn residues in repeats I, II, and IV of EeNa v 1.4 now face S4-S5 in the adjacent repeat and the S6-Asn III points to S6 II . In fact, the corresponding Asn residues, except those on S6 III , show similar orientations in EeNa v 1.4 and Ca v 1.1 ( Figures  4D and S6A ). The mechanistic role of the S6-Asn in slow inactivation remains to be elucidated.
The pore domain of EeNa v 1.4 has four fenestrations of distinct shapes and sizes ( Figure 4E ). The fenestration enclosed by S6 III and S6 IV is the potential acceptor site for local anesthetic drugs (Ahern et al., 2008; Lipkind and Fozzard, 2005) . Phe1555, mutations of whose equivalent in Na v 1.2 and Na v 1.4 (Table S2 ) affect anesthetic binding, is at the bottom edge of the fenestration. Tyr1562, corresponding to the characterized Tyr1771 in Na v 1.2, is positioned one helical turn below the fenestration and points to the central cavity ( Figure 4E , inset). The structural changes associated with the distinct states between EeNa v 1.4 and Na v PaS provide the molecular VSD III and VSD IV Exhibit ''Up'' Conformations Because the side chains of VSD I and VSD II are poorly resolved, we focus on VSD III and VSD IV for analysis. The S4 III segment of EeNa v 1.4 carries five gating charge residues including K1 (Lys1095) and R2-R5 (Arg1098-Arg1107) that comply with the canonical ''n+3'' rule. An additional positive residue Arg1111 is at the fourth position from Arg1107. Note that a basic residue at this corresponding position is conserved only in repeat III, but not the other three repeats, of most eukaryotic Na v channels (Shen et al., 2017) (Figure S1 ). The S4 IV segment contains six Arg residues (Arg1417-Arg1432 for R1-R6). It has been shown that two conserved negative or polar residues on S2 segment that are ten residues apart (designated An1 and An2) and an invariant Asp residue on S3 segment together facilitate the charge transfer across a cyclic bulky hydrophobic residue on S2 through sequential interactions with the gating charge residues (DeCaen et al., 2008 (DeCaen et al., , 2009 Tao et al., 2010; Zhang et al., 2012) . The An2 and bulky hydrophobic residues on S2 and the Asp on S3 constitute the charge transfer center (CTC) (Tao et al., 2010) .
Consistent with the 0-mV environment for sample preparation, VSD III and VSD IV both exhibit similar depolarized, or ''up'' conformations, with R1-R4 above the occluding Phe. In both VSDs, R3 and R4 are coordinated by An1, and R5 is coordinated by the S3-Asp ( Figures 5A-5C ). The depolarization state of VSD III and VSD IV in the structure of EeNa v 1.4 is similar to that of Ca v 1.1-VSDs and Na v PaS-VSD II (Shen et al., 2017; Wu et al., 2016) (Figures 5D and S6B) . When corresponding VSDs are compared, outward gating charge transfer occurs by one register for S4 III and two for S4 IV relative to their respective CTC from Na v PaS to EeNa v 1.4 ( Figures 5D and 5E ).
The trajectory of the S4 III movement resembles a sigmoidal curve resulted from a combination of the lateral displacement of the intracellular tip away from the central pore axis, an overall upward translation of the helix, and a downward bending of the extracellular segment ( Figure 5F , right panel). Similar trajectory was derived from the comparison of the VSDs between the two pore channel AtTPC1 and the bacterial Na v Ab (Guo et al., 2016) . This motion mode may keep the S4 segment within the membrane during its voltage-dependent shift (Movie S3). The motion of S4 IV , similar to that of the S4 segment in a voltage-sensing phosphatase (Li et al., 2014) , represents a combination of ''sliding helix'' for the majority of the TM and ''helical screw'' for the extracellular tips where the 3 10 helix is relaxed to a helix. Although two Arg residues are transferred outward from Na v PaS to EeNa v 1.4 relative to the CTC in VSD IV , the S4 IV segment is translated to the extracellular (E) The pore domain has four fenestrations. The structure of the pore domain is shown in four perpendicular side views. The fenestrations are highlighted by orange circles. Upper inset: the residues that were characterized to be involved in anesthetic binding are shown as spheres. PDB: 5X0M and 5GJV for Na v PaS and Ca v 1.1, respectively. See also Figure S3F , Table S2 , and Movies S1 and S2.
side by only one helical turn when the two structures are compared relative to the pore domain. Such discrepancy is owing to the relative movements of the CTC-carrying S2 and S3 segments, a mechanism that was suggested from the structural comparison of Na v Rh and Na v Ab (Zhang and Yan, 2013) (Figure 5G ; Movie S3). 
DISCUSSION
Structural elucidation of the prototypal Na v channel EeNa v 1.4 in complex with the b1 subunit represents a major step toward structure-based mechanistic elucidation. Below we attempt to interpret several structural observations.
Implications on the Electromechanical Coupling Mechanism
Structural determination of EeNa v 1.4 and Na v PaS in distinct states provides a unique opportunity to reveal the electromechanical coupling mechanism ( Figure 6A ; Movie S4). Concordant motions occur between the VSDs and the S4-S5 constriction ring and pore domain segments (Figures 6A and 6B ; Movie S4). For instance, the N terminus of the S4-S5 III segment is pulled outwardly by $7 Å and the S5 and S6 segments undergo iris-like dilation. The displacement may be a direct result of the shift of the intracellular tip of the S4 III segment, which moves laterally away from the central pore axis by $7.7 Å ( Figure 6C ). But there can be more than one driving force. Examination of the intricate interfaces between the channel segments suggests that the coupling of membrane depolarization-induced gating charge transfer with the iris-like opening of the S6 tetrahelical bundle may involve the following structural shifts and force transmissions ( Figure 6D ): (1) The S4 segments transfer the gating charges to the extracellular side through probably different modes of motions upon membrane depolarization; (2) the motion of S4 results in the lateral dilation of the S4-S5 ring; (3) the S5 0 segment (the structural segment in the adjacent repeat is labeled with an apostrophe for clarity) is simultaneously mobilized through interactions with S4; (4) the S4-induced shifts of S4-S5 and S5 0 may resonate via their interface; (5) displacement of S4-S5 pulls S6 0 outwardly; (6) the extensive interactions between S5 and S6 also lead to shifts of S6; (7) S6 undergoes both iris-like dilation and axial rotation; and (8) the interactions between adjacent S6 segments also contribute to the concerted iris-like expansion of the intracellular gate.
The above is a simplified dissection of the choreography of VSDs and pore segments that converts the signal of membrane voltage changes to the gating of the central pore. What we would like to highlight is the extensive and dynamic interactions between any adjacent segments, whose functional significance is in part supported by the more than 1,000 disease-related Na v mutations that are distributed throughout the channel with many located on the afore-mentioned interfaces (Huang et al. 
Modulation of Channel Properties by b1
The structure of the EeNa v 1.4-b1 complex will serve as a template to examine the interactions of Na v channels with other b subunits. For instance, Cys910 of Na v 1.2 (corresponding to Cys720 in EeNa v 1.4a), which was shown to be disulfide-bonded with Cys55 of b2 (Das et al., 2016) , is mapped to L5 II . Identification of one additional interface in the transmembrane region would help modeling of the complex between b2 and a. The structure provides the reference for rational design of mutations to probe the interactions and regulations of a by b subunits.
The structurally revealed direct interactions between b1 and VSD III , reminiscent of the placement of g subunit next to VSD IV in the Ca v 1.1 complex (Wu et al., 2015) , provides the molecular basis to interpret the modulation of voltage-dependent channel properties by b1 (Isom et al., 1992) . As b1 extensively interacts with L5 I , L6 IV , and L1-2 III on the extracellular side and with S0 and S2 of VSD III within the membrane, it is possible that b1 restricts potential motions of CTC III relative to the membrane and to the pore domain. Restriction of the CTC may alter the activation kinetics by tuning the motion rate of S4 (Patton et al., 1994) .
Nevertheless, the structure provides no obvious clue to a mechanistic interpretation of the effect on channel inactivation by b1 (Isom et al., 1992; Patton et al., 1994; Sanchez-Solano et al., 2017; Ulbricht, 2005) . A better understanding of the inactivation mechanism may be a prerequisite to explain the effect of b subunits on channel inactivation.
A Potential Allosteric Blocking Mechanism for Fast Inactivation Na v channels inactivate by both fast and slow mechanisms (Ahern et al., 2016; Ulbricht, 2005) . The IFM motif on the III-IV linker was characterized to be critical for fast inactivation (Patton et al., 1993; Stü hmer et al., 1989; Vassilev et al., 1989; West et al., 1992) , and a number of residues on S4-S5 and S6 segments in repeats III and IV were shown to be involved in this process (McPhee et al., 1995 (McPhee et al., , 1998 Smith and Goldin, 1997; Tang et al., 1996) .
In the structures of Na v PaS and Ca v 1.1, a conserved helix on the III-IV linker interacts with the CTD, but neither channel contains the IFM motif (Shen et al., 2017; Wu et al., 2016) . In the structure of EeNa v 1.4, the III-IV helix is repositioned parallel to S4-S5 IV ( Figure 7A ). The side chains for the bulky 1279 LFM 1281 , the equivalent of the IFM motif, are discernible to moderate resolution ( Figure S3D ). The structural assignment of the LFM motif is further supported by the continuous backbone with the better resolved III-IV helix ( Figure S3D ).
As briefly mentioned before ( Figure 4A ), the LFM motif, located on a turn connecting the C terminus of S6 III and the III-IV helix, is indeed like a plug. But instead of directly blocking the intracellular gate along the permeation path, the LFM motif inserts into the corner enclosed by the outer layer of the orthogonal S4-S5 III and S4-S5 IV segments and the inner helices S6 III and S6 IV ( Figure 7A ). The LFM motif and the ensuing III-IV helix are coordinated by a number of residues on S4-S5 III , S6 III , S4-S5 IV , S5 IV , and S6 IV ( Figure 7A, insets) .
We assigned the residues on III-IV linker without referring to any literature during model building to avoid bias. Subsequent examination of the structure shows that several III-IV linker-interacting residues were already characterized to be involved in fast inactivation ( Figure 7B ; Table S2 ). For example, Ala1121 on S4-S5 III (corresponding to Ala1329 in rNa v 1.2) appears to interact with both Leu and Phe in the LFM motif, supporting the previous prediction that this conserved Ala is part of the docking site for the fast inactivation particle (Smith and Goldin, 1997) . Phe1442 on S4-S5 IV and Asn1453 on S5 IV (corresponding to Phe1651 and Asn1662, respectively, in rNa v 1.2) interact, respectively, with the highly conserved Met1292 and Gln1285 on the III-IV helix (McPhee et al., 1998) (Figure 7B ; Table S2 ). Met1445 and Met1446 on S4-S5 IV (corresponding to Met1651 and Met1662, respectively, in hNa v 1.5) are in the vicinity of hydrophobic residues on III-IV helix (Tang et al., 1996) . The direct interactions between these residues and the LFM motif or III-IV helix provide the molecular basis for their participation in fast inactivation.
As mutations of the binding residues, exemplified by Ala1121, Phe1442, and Asn1453, mostly impede fast inactivation (McPhee et al., 1998; Smith and Goldin, 1997) , the interactions observed in the structure may indicate an inactivated state of the channel, which apparently contradicts the open state of the intracellular gate. We reason that the presence of the digitonin-like chemical may provide a strong counter force to preclude closing of the intracellular gate although the inactivation motif is already docked (Figure 7C, inset) . Otherwise, the insertion of the IFM motif into the corner enclosed by the S4-S5 and S6 segments in repeats III and IV might push S6 IV and pull the C terminus of S6 III to move right handedly, which further drive the other two S6 helices to close the gate ( Figure 7C ). The S6 I and S6 IV residues that were characterized to be important for fast inactivation but away from the III-IV linker in the present structure, such as Leu396/Leu398/Ala399 (corresponding to Leu435/Leu437/Ala438 in rNa v 1.4), Phe1555, and Ile1565 (corresponding to Phe1764 and Val1774 in rNa v 1.2), may be involved in the ensuing conformational changes of S6 helical bundle (McPhee et al., 1995; Wang et al., 2003) (Figure 7B ).
The structure suggests that repositioning of the IFM motif may lead to intracellular gate closing through an allosteric effect instead of direct blocking. On the other hand, the presence of the IFM plug between the inner S6 and the outer S4-S5 segments of repeats III and IV may uncouple the interdependence between S6 helical bundle and the S4-S5 constriction ring, leading to ''inactivation'' of the channel. The displacement of the III-IV linker from Na v PaS to EeNa v 1.4, if not resulted from their sequence variations, may be driven by the re-arrangement of interactions between the III-IV linker, the CTD, and the intracellular segments of repeat IV as a consequence of voltage-dependent motion of VSD IV ( Figure 7C ).
Perspective
It should be noted that the electrophysiological states of the structures of EeNa v 1.4 and Na v PaS are yet to be defined. It is not clear whether the closed Na v PaS represents an inactivated state, or an intermediate between the resting and open state. An inactivated Na v channel can bind local anesthetics with high affinity Lipkind and Fozzard, 2005) . However, the pore fenestrations of Na v PaS are closed and inaccessible to anesthetic drugs, indicating that it may not represent an inactivated state (Shen et al., 2017) . Moreover, caution has to be applied when interpreting structural changes of two proteins with considerable sequence variations. Therefore, the above discussions are meant to review the structural observations that may shed light on the future investigations of the electromechanical coupling and inactivation mechanism through structureguided biochemical and biophysical characterizations. Notwithstanding these concerns, the structures of EeNa v 1.4 and Na v PaS in distinct conformations serve as an important framework for investigating the molecular basis of ion selection, voltagedependent activation, inactivation, and ligand recognition, for molecular dynamic simulations and structure-guided drug development, and for mechanistic interpretation of the more than 1,000 disease-related mutations.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Animals
The electric eels were bought from fish market and sacrificed immediately upon delivery. All animal maintenance and experimental procedures used in current study were carried out according to guidelines of Institutional Animal Care and Use Committee (IACUC) of Tsinghua University, Beijing, China.
Pull-down of EeNa v 1.4 by GST-scFv735
The electroplax membranes were solubilized at 4 C for 1 hr in the buffer containing 20 mM MOPS-Na, pH 7.4, 300 mM NaCl, 1.5% (w/v) digitonin (Sigma), and protease inhibitors. During this process, GST-scFv735 was added in excess. After ultra-centrifugation at 200,000 g for 35 min, the supernatant was collected and incubated with GS4B resin at 4 C for 1 hr. The protein-loaded resin was washed with 20 mM MOPS-Na, pH 7.4, 500 mM NaCl, 0.1% (w/v) digitonin, and protease inhibitors. The target protein was eluted by the buffer containing 20 mM MOPS-Na, pH 7.4, 3 M NaCl, 0.1% (w/v) digitonin, and protease inhibitors. The target protein complex was then concentrated and applied to size-exclusion chromatography 10/30, GE Healthcare) in the buffer containing 20 mM MOPS-Na, pH 7.4, 150 mM NaCl, 0.1% (w/v) digitonin, and protease inhibitors. The identity of the protein was examined by mass spectrometric analysis. The fractions containing EeNa v 1.4 were pooled for single-particle cryo-EM experiments.
Sample preparation and cryo-EM data acquisition Aliquots of 3.5 mL purified EeNa v 1.4 channel complex at a concentration of approximately 1 mg/ml were placed on glow-discharged holey carbon grids (Quantifoil Au R1.2/1.3, 300 mesh). Grids were blotted for 3.5 s and flash-frozen in liquid ethane cooled by liquid nitrogen using Vitrobot Mark IV (FEI). Grids were transferred to a Titan Krios (FEI) electron microscope that was equipped with a Gatan GIF Quantum energy filter and operating at 300 kV with a nominal magnification of 105,000 X. Zero-loss movie stacks were automatically collected using AutoEMation (Lei and Frank, 2005) with a slit width of 20 eV on the energy filter and a defocus range from À1.2 mm to À2.2 mm. Each stack was exposed in super-resolution mode for 8 s with an exposing time of 0.25 s per frame, resulting in a total of 32 frames per stack. The total dose rate was about 48 e -/Å 2 for each stack. The stacks were first motion corrected with MotionCorr (Li et al., 2013) and binned 2 fold, resulting in a pixel size of 1.338 Å /pixel. The output stacks from MotionCorr were further motion corrected with MotionCor2 (Zheng et al., 2017) , meanwhile dose weighting was performed (Grant and Grigorieff, 2015) . The defocus values were estimated with Gctf (Zhang, 2016) .
Image processing A diagram of the procedures for data processing is presented in Figure S2F . A total of 4,299 good micrographs were manually selected, from which a total of 2,186,501 particles were automatically picked using RELION 2.0 (Kimanius et al., 2016) . After 2D classification, a total of 740,752 good particles were selected and subjected to 3D auto-refinement with the cryo-EM map of Na v PaS as the initial model. The particles were further subjected to several cycles of 3D classification with four classes and local angular search step of 3.75 with the output from different global angular search iterations of the 3D auto-refinement as input. A total of 540,673 good particles were selected from the local angular search 3D classification and combined. Then these particles were subjected to a local angular search 3D auto-refinement with a soft mask applied, resulting in a 3D reconstruction map with a resolution of 4.5 Å after post processing. Then the particles were classified into four classes using the skip align option, resulting in four reference maps against which the particles were further classified. The particles that were classified into the best class in each iteration except in the first iteration were combined and subjected to 3D auto-refinement with a soft mask applied, resulting in a 3D reconstruction map with a resolution of 4.1 Å after post processing. The 3D auto-refinement resolution was further improved to 4.05 Å after a cycle of random-phase classification (Gong et al., 2016) and then 4.0 Å by removing the particles at the corners of micrographs. The final particle number was 123,431. The resolution was estimated with the gold-standard Fourier shell correlation 0.143 criterion (Rosenthal and Henderson, 2003) with high resolution noise substitution method (Chen et al., 2013) . All the 2D and 3D classification and autorefinement were performed with RELION 2.0.
Model building and structure refinement The 4.0 Å reconstruction map was used for model building in COOT (Emsley et al., 2010) . The structure of Na v PaS was used as the starting model (PDB code: 5X0M), fitted into the EM map by Chimera. CHAINSAW (Stein, 2008) was used to keep the side chains of the conserved residues and to remove the non-conserved side chains based on the sequence alignment between EeNa v 1.4a and Na v PaS ( Figure S1 ). The assignment of the four repeats was based on the extracellular loops and the pore region. The well-resolved map quality allowed de novo model building for the pore domain. For VSD III and VSD IV , sequence assignment was guided mainly by bulky residues. The chemical properties of amino acids were taken into consideration during model building. For example, in the S2 helix of VSD III and VSD IV , the density is discernible for the side chain assignment of Phe1045 and Phe1365, respectively. Thus the identities for other residues along S2 could be deduced. To distinguish the signal from the noise for densities corresponding to VSD III and VSD IV , we randomly divided the particles into two subsets and calculated two independent reconstructions. The densities that remain identical in these two maps were regarded as densities for bulky residues, but not noises. The maps corresponding to VSD I and VSD II were not well resolved for most of the residues. Only backbones were traced. Sequence assignment was mainly guided by bulky residues.
After these assignments, a globular density near the extracellular side and an additional transmembrane helix beside VSD III remained to be modeled. We reasoned that this density should belong to a b subunit. To identify the specific b subtype, the crystal structures of human b4 and b3 Ig domains (PDB code: 4MZ2 and 4L1D, respectively) were first docked into the density map. There are several obvious discrepancies for b4 that cannot be reconciled. Although b3 fitted into the map relatively better, there is no b3 identified in electric eel. The b2, highly similar to b4, cannot fit in either, leaving b1 the top candidate. Indeed, a homologous model of b1 generated on the basis of the structure of human b3 can be fitted into the density very well ( Figure S5B ). In particular, two predicted glycosylation sites Asn113 and Asn117 are placed right adjacent to the two densities characteristic of sugar moieties, validating the identity of the subunit.
Structure refinement was performed using phenix.real_space_refine application in PHENIX (Adams et al., 2010) in real space with secondary structure and geometry restraints to prevent structure over-fitting. The final model was refined against the 4.0 Å map using REFMAC (Brown et al., 2015; Murshudov et al., 2011) in reciprocal space, using secondary structure restraints that were generated by ProSMART (Nicholls et al., 2014) . Overfitting of the overall model was monitored by refining the model in one of the two independent maps from the gold-standard refinement approach and testing the refined model against the other map (Amunts et al., 2014) . Statistics of the 3D reconstruction and model refinement is summarized in Table S1 .
Morph generation based on the structures of EeNa v 1.4 and Na v PaS A homologous model of EeNa v 1.4 derived from the structure of Na v PaS was generated based on sequence alignment in Figure S1 using SWISS-MODEL webserver (https://www.swissmodel.expasy.org/) (Arnold et al., 2006; Biasini et al., 2014; Guex et al., 2009; Kiefer et al., 2009 ). The modeled structure was superimposed to the cryo-EM structure of Na v PaS relative to the selectivity filter and the P1 and P2 helices (the P1-SF-P2 funnel). The homologous model and the cryo-EM structure of EeNa v 1.4 were used as the initial and end frame, respectively, for morph generation. The intermediate morphs were generated using the Crystallography & NMR System (CNS) (Brü nger, 2007; Brü nger et al., 1998) . The movies were prepared in PyMol.
QUANTIFICATION AND STATISTICAL ANALYSIS
The local resolution map was calculated using RELION 2.0 (Kimanius et al., 2016) . Resolution estimations of cryo-EM density maps are based on the 0.143 Fourier Shell Correlation criterion (Chen et al., 2013; Rosenthal and Henderson, 2003) with high resolution noise substitution method (Chen et al., 2013) .
DATA AND SOFTWARE AVAILABILITY Data Resources
Atomic coordinates and EM maps of the EeNa v 1.4-b1 complex (PDB: 5XSY; EMDB: EMD-6770) have been deposited in the Protein Data Bank (http://www.rcsb.org) and the Electron Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/).
